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Focal adhesions (FAs) located at the ends of actin/myosin-containing contractile stress ﬁbers form tight connections between
ﬁbroblasts and their underlying extracellular matrix. We show here that mature FAs and their derivative ﬁbronectin ﬁbril-
aligned ﬁbrillar adhesions (FbAs) serve as docking sites for vimentin intermediate ﬁlaments (IFs) in a plectin isoform 1f
(P1f)-dependent manner. Time-lapse video microscopy revealed that FA-associated P1f captures mobile vimentin ﬁlament
precursors, which then serve as seeds for de novo IF network formation via end-to-end fusion with other mobile precursors.
As a consequence of IF association, the turnover of FAs is reduced. P1f-mediated IF network formation at FbAs creates a
resilient cage-like core structure that encases and positions the nucleus while being stably connected to the exterior of the cell.
We show that the formation of this structure affects cell shape with consequences for cell polarization.
INTRODUCTION
Focal adhesions (FAs), elongated and streak-like protein inter-
faces located at both ends of actin/myosin-containing contrac-
tile stress ﬁbers, form tight connections between cultured cells
and their underlying extracellular matrix (Abercrombie and
Dunn, 1975; Burridge and Chrzanowska-Wodnicka, 1996).
Aggregation of integrin heterodimeric transmembrane re-
ceptors leads to the formation of focal complexes subse-
quently differentiating into FAs (Rottner et al., 1999). In
ﬁbroblasts, focal adhesions may further evolve into ﬁbrillar
adhesions (FbAs), which are characterized by their more
elongated structure, central cellular localization, enrichment
in tensin and integrin 51, lack of tyrosine phosphoryla-
tion, and association with ﬁbronectin ﬁbrils (Zamir et al.,
1999, 2000). Over the past years, more than 150 FA compo-
nents have been identiﬁed that are linked together in mul-
tiple ways to form a complex “integrin adhesome network”
(Zaidel-Bar et al., 2007).
Plectin, a prototype cytolinker protein and classiﬁed ad-
hesome network component (Zaidel-Bar et al., 2007) of enor-
mous size (500 kDa), was identiﬁed as an FA constituent
protein nearly two decades ago (Seifert et al., 1992). In fact,
the phenotypic analysis of plectin-deﬁcient (plectin/) der-
mal mouse ﬁbroblasts showed an increase in the numbers of
FAs and stress ﬁbers with consequences for cell motility
(Andra ¨ et al., 1998), suggesting that plectin is important for
the proper functioning of FAs. However, the speciﬁc tasks of
FA-associated plectin and the molecular mechanism(s) un-
derlying its docking and FA regulation remained obscure. A
peculiarity of plectin is its isoform diversity based on
differential splicing of over a dozen alternative ﬁrst exons
into a common exon 2, giving rise to variants with differ-
ing N-terminal sequences and functions (Fuchs et al., 1999;
Rezniczek et al., 2003).
Although the role of actin ﬁlaments and microtubules
(MTs) in regulating FA dynamics has been addressed in a
number of studies, the relevance of intermediate ﬁlaments
(IFs) for FA formation and dynamics has remained largely
elusive (for reviews see Geiger et al., 2001, 2009; Chang and
Goldman, 2004), except for studies indicating that in epithe-
lial cells FAs serve as sites of keratin IF precursor formation
(Windoffer et al., 2006). A role of plectin in mediating the
interaction of vimentin IFs with FAs in ﬁbroblasts and en-
dothelial cells has been anticipated (Bershadsky et al., 1987;
Seifert et al., 1992; Gonzales et al., 2001; Tsuruta and Jones,
2003; Kreis et al., 2005), albeit convincing experimental evi-
dence is still missing.
Here we assessed the role of plectin at FAs of ﬁbroblasts
with focus on IF network–plasma membrane linkage, IF
assembly dynamics, and FA turnover, using immunolocal-
ization and live imaging techniques. We found that plectin
1f (P1f), one of several isoforms expressed in ﬁbroblasts,
preferentially associates with a subpopulation of FAs, turn-
ing them into recruitment sites for motile vimentin ﬁlament
intermediates. Our analysis suggests a model for IF (vimen-
tin) network formation where tandem fusion of FA-immo-
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3362bilized ﬁlament intermediates leads to IF assembly and
eventual integration into a central IF network that encases
and positions the nucleus and is stably anchored into cen-
trally located FbAs.
MATERIALS AND METHODS
Antibodies
For immunoﬂuorescence microscopy the following primary (1) and second-
ary (2) antibodies were used: 1) anti-plectin isoform 1f (Rezniczek et al., 2007),
anti-plectin isoform 1 (Abrahamsberg et al., 2005), anti-plectin isoform 1c
(Andra ¨ et al., 2003; Fuchs et al., 2009), and goat anti-vimentin antisera (all
afﬁnity-puriﬁed); mouse mAbs to actin (AC-40), talin, and vinculin (VIN-11-5;
all from Sigma-Aldrich, St. Louis, MO), and tensin (BD Transduction Labo-
ratories, Lexington, KY), and rat mAbs to integrin 1 (Millipore, Bedford,
MA); and 2) donkey anti-goat IgG Alexa Fluor 488 (Invitrogen), donkey
anti-mouse IgG Rhodamine Red-X–conjugated (Jackson ImmunoResearch
Laboratories, West Grove, PA), and donkey anti-rabbit Cy5 (Jackson Immu-
noResearch Laboratories). For immunoblotting anti-plectin antiserum no. 9
(Andra ¨ et al., 2003) and afﬁnity-puriﬁed anti-plectin isoform 1f antiserum (see
above) were used as primary, and goat anti-rabbit IgG and goat anti-mouse
IgG (both conjugated to horseradish peroxidase, Jackson ImmunoResearch
Laboratories) as secondary antibodies.
cDNA Constructs and Cloning
Full-length mouse P1f as well as truncated P1f-8 cDNA constructs (including
5 untranslated regions) encoding fusion proteins with C-terminal GFP have
been described previously (Rezniczek et al., 2003). P1f and P1f-8 cDNAs were
excised from pGR258 and pGR240 (Rezniczek et al., 2003) via EcoRI sites and
subcloned into vector mCherry-N2 (pGB7; Kostan et al., 2009). Vector
mCherry-N2 was prepared from vector mCherry-C1 (a kind gift of M. Nem-
ethova and V. Small, IMBA, Vienna, who originally received mCherry cDNA
from R. Y. Tsien, University of California, San Diego, CA). A truncated P1f-8
cDNA construct encoding fusion proteins with an N-terminal His-tag (His-
P1f-8, pGR150) was generated by subcloning P1f-8 cDNA from pGR240 via
EcoRI sites into vector pBN120 (Nikolic et al., 1996). Substitution mutagene-
sis of His-P1f-8 (Y20F, Y20D, and Y20E) was accomplished using the
QuikChange mutagenesis system (Stratagene, La Jolla, CA) according to the
manufacturer’s instructions, resulting in the bacterial expression plasmids
pMG19 (His-P1f-8F), pMG20 (His-P1f-8D), and pMG21 (His-P1f-8E), respec-
tively. For expression in mouse ﬁbroblasts, mutated cDNAs were excised via
EcoRI sites and subcloned into pGR240, resulting in enhanced green ﬂuores-
cent protein (EGFP)-tagged truncated versions P1f-8F-EGFP (pGB24), P1f-8D-
EGFP (pMG22), and P1f-8E-EGFP (pMG23). pMG3 encoding vimentin-EGFP
has previously been described (Spurny et al., 2008). pGB20 encoding vimen-
tin-mCherry was obtained by amplifying vimentin-EGFP cDNA via PCR. The
expression plasmids for EGFP-tensin and EGFP-zyxin (Rottner et al., 1999)
were generous gifts of K. M. Yamada (NIH/NIDCR, Bethesda, MD) and M.
Gimona (University of Salzburg, Austria), respectively. All plasmids were
veriﬁed by sequencing.
Expression and Puriﬁcation of Recombinant Proteins and
Actin Cosedimentation Assay
Recombinant protein fragments were expressed in Escherichia coli BL21 (DE3)
and puriﬁed as described previously (Rezniczek et al., 2004). To remove the
His-tag, puriﬁed protein fragments were treated with thrombin. Actin cosedi-
mentation assays using rabbit skeletal muscle F-actin were performed follow-
ing the protocol of Kostan et al. (2009). Proteins were incubated in 5 mM Tris,
pH 8, 50 mM KCl, 2 mM MgCl2, and 2 mM ATP at room temperature (RT) for
30 min, and ﬁlaments were sedimented by centrifugation at 220,000  g for 40
min at RT. Equivalent volumes of the supernatant and pellet fractions were
analyzed by SDS-12.5% PAGE. Coomassie Brilliant Blue–stained protein
bands were quantiﬁed using ImageQuant 5.1 software package (Molecular
Dynamics, Sunnyvale, CA).
Cell Culture, Transient Transfection, and Extracellular
Matrix Labeling
Immortal ﬁbroblasts were derived from plectin wild-type (plectin/) and
plectin-deﬁcient (plectin/) p53-deﬁcient (p53/) mice as previously de-
scribed (Andra ¨ et al., 2003) and used at passage numbers not higher than 15.
Primary cells were derived in a similar manner from plectin/ and plec-
tin/ mice. Cells were cultivated and passaged under standard conditions
(Spurny et al., 2008). For immunoﬂuorescence and videomicroscopy, cells
were spread onto 11- or 30-mm coverslips, respectively. Cells were transiently
transfected in serum-free medium using FuGENE6 (Roche, Indianapolis, IN)
according to the manufacturer’s manual. Experiments were carried out 16–24
h after transfection. Coverslips (11 mm) were coated with Alexa 488 (Molec-
ular Probes)-labeled ﬁbronectin (Sigma-Aldrich) dissolved in 2 M urea/PBS
at a ﬁnal concentration of 50 g/ml.
Cell Lysis, SDS-PAGE, and Immunoblotting
Mouse ﬁbroblasts grown in plastic dishes (10 cm) to 70–80% conﬂuency were
washed one time with ice-cold PBS and lysed in 500 l of ice-cold 50 mM Tris,
pH 7.5, 150 mM NaCl, 2 mM EDTA, 10 mM MgCl2, 10% glycerol, 2% NP-40,
1 mM NaVO4, 0.1 mM DTT, 50 g/ml DNAse, 20 g/ml RNAse, and
complete miniprotease inhibitor cocktail (Roche). Lysed cells were harvested
using a cell scraper and incubated for 30 min on ice, and lysates were passed
ﬁve times through a 22-gauge needle. Samples were mixed with 50 mM
Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 1% bromphenol blue, and 10%
glycerol, and proteins were separated using standard SDS-15% PAGE. For
immunoblotting, proteins were transferred to nitrocellulose membranes,
which were blocked with 5% BSA in TBST (0.1% Tween 20/TBS) and incu-
bated with primary, followed by HRP-conjugated secondary antibodies.
Immunoﬂuorescence Microscopy and Quantitative Data
Acquisition
Cells grown overnight (16 h) were methanol-ﬁxed, washed with PBS,
mounted in Mowiol, and viewed in a laser-scanning microscope (LSM 510;
Carl Zeiss MicroImaging, Thornwood, NY) at RT. Images were obtained with
either a Plan-Apochromat 63, 1.4 NA or a Plan-Apochromat 100, 1.4 NA
objective lens (Carl Zeiss MicroImaging) using LSM software.
Colocalization was evaluated by visual inspection of signal overlap on
merged RGB confocal microscopy images, obtained using a 63 objective
under constant acquisition settings avoiding pixel saturation. To eliminate
noise and background artifacts and to smooth sharp edges of stained struc-
tures, images were processed with a 2  2 median ﬁlter. Structures corre-
sponding to FAs or FbAs, displaying predominance of yellow pixels, were
scored as colocalizing. To quantify coalignment of P1f with actin and ﬁ-
bronectin, image acquisition was performed sequentially (multitrack mode
option in the LSM 510 Meta) in single plane (z  0.3 m) from all samples on
the same day under identical conditions (laser power, gain, pinhole 1 Airy
Unit for all three channels). Acquired eight-bit images were processed as
described above, and colocalization was ﬁrst quantiﬁed by visual inspection
of individually selected FbAs. To measure areas covered with P1f-positive
structures, two best-ﬁt lower thresholds were determined from eight-bit
images of the green channel, using the threshold tool of open source software
ImageJ (http://rsb.info.nih.gov/ij/; W. S. Rasband, NIH, National Institutes
of Health, Bethesda, MD) and conﬁrmed by visual inspection. For statistical
evaluation of actin colocalization with P1f-positive FbAs we evaluated
merged eight-bit images using the Colocalization Highlighter plug-in of
ImageJ. Before colocalization analyses threshold settings for each eight-bit
image were determined by careful manual thresholding and then assigned to
the input window of the Colocalization Highlighter plug-in. The intensity
ratio of colocalized pixels was set at 50%. Highlighted areas of maximal
colocalization overlapping with previously determined FbAs (see above),
were scored as colocalizing and calculated as a percentage of FbAs areas. A
similar procedure was used to measure areas of FbAs (actin- and P1f-positive)
overlapping with ﬁbronectin.
Live Cell Imaging
Time-lapse video microscopy was implemented on an Axiovert S100TV mi-
croscope (Carl Zeiss MicroImaging) equipped with phase contrast and epi-
illumination optics. Cells were spread either onto uncoated, or ﬁbronectin-
coated glass coverslips and kept in phenol red–free DMEM supplemented
with 10% FCS during the whole period of observation. Observation of the
cells was performed in a closed POCmini cultivation system (Carl Zeiss
MicroImaging) supplemented with 5% CO2 at 37°C. Recordings started 16
h after plating, and frames were taken with the objective lenses described
above in intervals as indicated. Images were obtained using a back-illumi-
nated, cooled CCD camera (Princeton Research Instruments, Princeton, NJ)
driven by a 16-bit controller. The videomicroscopy system was automated by
Metamorph 6.3 (Molecular Devices).
Quantiﬁcation of Adhesion Dynamics
Plectin/ mouse ﬁbroblasts were cotransfected with zyxin-EGFP and vi-
mentin-mCherry expression plasmids. Time-lapse movies were taken over a
period of 16–40 h after cell spreading with 2-min intervals between frames.
ImageJ software was used to measure the ﬂuorescent intensity of individual
FAs over time. Only FAs showing a clear colocalization of zyxin-EGFP and
vimentin-mCherry were evaluated. A similar number of FAs that were pos-
itive for zyxin but lacked vimentin were assessed in the same cells under
similar conditions.
Morphometric Analysis
Cell contours of primary ﬁbroblasts were measured 16–24 h after spreading,
to determine the mean cell area, cell perimeter, shape factor, and aspect ratio.
The shape factor is deﬁned as 4  area/perimeter2; thus, perfectly round
cells have a shape factor of 1, whereas more elongated or stellate cells exhibit
lower values (Soll, 1988). The aspect ratio is deﬁned as the ratio of the largest
and the smallest (orthogonal) diameter (Samet and Lelkes, 1994).
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Postacquisition processing of either time-lapse movies or confocal images was
performed with LSM5 Image Browser (Carl Zeiss MicroImaging), Photoshop
CS2 (Adobe Systems, San Jose, CA) software package, freeware ImageJ 1.32
software and Metamorph 6.3 (Molecular Devices).
RESULTS
Recruitment of P1f to Centrally Located FAs and FbAs
Using P1f isoform–speciﬁc antibodies and talin (or vinculin)
as marker for FAs, in fully spread ﬁbroblasts two popula-
tions of FAs could be distinguished, only one of which was
associated with P1f (Figure 1A). The P1f-positive population
was found mostly in central areas of the cells, whereas
P1f-negative FAs were typically residing in peripheral areas.
Interestingly, colocalization of P1f with many of the most
prominent streak-like FAs was only partial (Figure 1B, ar-
rows), reminiscent of “mosaic adhesions,” which were sug-
gested to represent early stages of FbAs, before their com-
plete segregation from FAs (Zamir et al., 2000).
The mosaic P1f-speciﬁc staining pattern of FAs and FbAs
was conﬁrmed by triple-staining of ﬁbroblasts using anti-
bodies to P1f, talin, and the FbA marker protein integrin 1
(Zamir et al., 1999). Integrin 1 was predominantly detected
at centrally located FbAs (Figure 1C, arrows), whereas FAs
at the cell periphery generally were not or less intensively
stained (Figure 1C, arrowheads). As all FbAs were found to
be talin-positive (Figure 1, B and C), talin is to be considered
a marker protein of FbAs (in addition to integrin 1). For a
statistical analysis of P1f’s topological codistribution with
talin, two subpopulations of FAs and FbAs were deﬁned.
Adhesions found in the core regions of cells (where also the
bulk of the vimentin ﬁlament network was located; see e.g.,
Figure 6C), were classiﬁed as central and the rest (found in
peripheral, mostly vimentin-free regions) as peripheral.
Strikingly, nearly all (98%) of the centrally located talin-
positive adhesions (presumably FbAs) were found to be
P1f-positive, whereas this was true for only 12% of the
adhesions classiﬁed as peripheral (Figure 1D). A quantita-
tion of integrin 1–positive structures colocalizing with P1f
yielded a value of 97.4  0.7%, comparable to the value
obtained for centrally located P1f-positive FbAs/FAs. These
data conﬁrm that P1f is an integral component of centrally
located (integrin 1–positive) FbAs.
In FbAs, integrin 51 and tensin transmit actomyosin-
produced tension across the cell membrane resulting in
ﬁbrillogenesis of ﬁbronectin and rearrangement of the
extracellular matrix (Pankov et al., 2000). By culturing
wild-type (plectin/) mouse ﬁbroblasts on surfaces
coated with Alexa 488–labeled ﬁbronectin, we observed a
massive rearrangement of the ﬁbronectin matrix within 16 h
after seeding, with rearranged ﬁbronectin ﬁbrils generally
codistributing with actin stress ﬁbers and P1f spots (Figure
2A, arrowheads). Statistical analyses showed that more than
80% of P1f-positive FbAs (scored either individually after
selection or as total FbA signal within an area; for details see
Materials and Methods) codistribute with actin stress ﬁbers
(Figure 2B). Furthermore, 70–80% of the FbAs that were
positive for both P1f and actin colocalized with Alexa 488–
labeled ﬁbronectin ﬁbrils. To assess whether P1f affects ﬁ-
brillogenesis, we subjected ﬁbroblast cultures derived from
wild-type (plectin/) and plectin-deﬁcient (plectin/)
mouse lines to a comparative quantitative analysis of exter-
nal ﬁbronectin ﬁbril formation. However, as shown in Fig-
ure 2C, both types of cells formed similar numbers of ﬁ-
bronectin ﬁbrils, suggesting that P1f is dispensable for
ﬁbronectin ﬁbrillogenesis per se.
Tethering of Vimentin Filaments to FAs via P1f
Triple-immunoﬂuorescence microscopy of subconﬂuent
mouse ﬁbroblasts, using antibodies to vimentin, talin, and
P1f, clearly revealed vimentin ﬁlaments that were targeting
P1f/talin-positive FAs (Figure 3A, large arrows). A statisti-
cal evaluation revealed 27% of FAs to be vimentin-positive
(our own unpublished data). In addition, in peripheral re-
gions of the cells we observed short vimentin ﬁlament in-
termediates, also referred to as squiggles (Prahlad et al.,
1998; Yoon et al., 1998; Spurny et al., 2008). Three types of
such intermediates were observed. Type 1 was P1f-negative
(Figure 3A, small arrows), type 2 (not shown) was partially,
and type 3 heavily (all along the ﬁlaments) decorated with
antibodies to P1f (Figure 3B, arrowheads). Only type 3 in-
termediates colocalized with talin-positive FAs (Figure 3B,
arrowheads).
To monitor vimentin ﬁlament dynamics and P1f-FA
association, we performed time-lapse video microscopy of
mouse ﬁbroblasts cotransfected with cDNA encoding vi-
mentin-EGFP and full-length (C-terminally tagged) P1f-
mCherry. Similar to endogenous P1f (see Figure 3A, large
arrows), overexpressed P1f-mCherry colocalized with FA-
like structures (Figure 3C, arrowheads within magniﬁed
images, which represent frames 0,7 , and 11 taken from
Supplementary Movie 1 in the Supplementary Materials). In
fact, the videomicroscopy data conveyed the impression that
vimentin ﬁlaments were attached (and thus immobilized) to
peripheral P1f-mCherry–positive FAs, whereas those parts
of the ﬁlaments that interconnected these FAs (Figure 3C,
arrows) were ﬂexible, swaying in a wobbling manner be-
tween their points of anchorage (see Supplementary Movie
1 in the Supplementary Materials). These observations sug-
gested that the vimentin network, albeit being pinned down
at FAs, retained its ability to form ﬂexible links between its
anchoring sites.
In contrast to plectin/ cells, in plectin/ ﬁbroblasts,
we could not observe FA-targeting of vimentin ﬁlaments or
any physical connection between ﬁlament bundles and FAs
(arrowheads in Figure 4A). Moreover, the vimentin network
was not restricted to the central part of the cells like in
plectin/ cells (compare with Figure 6C), but ﬁlaments
were extending to the outermost boundary of the cells,
where they often were found to bend backward toward the
cell interior (Figure 4A, arrows). A statistical evaluation
showed that 85% of lamellipodial and ﬁlopodial areas of
plectin/ cells to be intruded by vimentin ﬁlaments, com-
pared with only 10% in plectin/ ﬁbroblasts (Figure 1E).
To assess whether the loss of vimentin ﬁlament attach-
ment to FAs in plectin/ cells could be rescued by forced
expression of P1f, cells were cotransfected with cDNA con-
structs encoding C-terminally EGFP-tagged full-length P1f
(P1f-EGFP) and vimentin-mCherry. As shown in Figure 4B,
P1f-EGFP was targeted to FAs where it showed colocaliza-
tion with vimentin ﬁlaments (arrows). In general, vimentin
ﬁlaments appeared to coalign with elongated patches of P1f
that presumably were oriented along actin stress ﬁbers (Fig-
ure 4B, arrowheads). These patches resembled those of en-
dogenous P1f localized at FbAs, as visualized by immuno-
ﬂuorescence microscopy. Because overexpressed vimentin
and P1f clearly showed colocalization and thus appeared to
be physically connected, we concluded that forced expres-
sion of P1f in plectin-negative cells results in the reattach-
ment of vimentin ﬁlaments to plectin-positive FAs.
Examining whether vimentin ﬁlament reattachment to
FAs required the expression of full-length P1f, in particular
of its C-terminal IF-binding domain (Nikolic et al., 1996), we
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that encoded an N-terminal fragment of P1f, comprising just
its isoform speciﬁc (exon 1f–encoded) sequence and the
succeeding actin-binding domain (ABD), fused to EGFP
(P1f-8-EGFP; Rezniczek et al., 2003). Confocal microscopy of
P1f-8-EGFP–expressing cells revealed vimentin ﬁlaments
similar in appearance to those of nontransfected cells (Figure
4C, arrows; compare with Figure 4A). In peripheral regions
of the cell these ﬁlaments were clearly overshooting P1f-8–
positive FAs (Figure 4C, arrowheads), and the only hin-
drance for their extension appeared to be the boundaries
provided by the plasma membrane. This observation was
Figure 1. Codistribution of P1f with FAs in primary mouse ﬁbroblasts. (A and B) Confocal immunoﬂuorescence microscopy of wild-type
cells double-immunolabeled using antibodies to P1f and talin. Arrows and arrowheads in A indicate P1f-negative and P1f-positive FAs,
respectively. Note, P1f is associated predominantly with FAs in more central regions of the cell but is missing from FAs at the cell periphery.
(B) A magniﬁed interior cell region. Arrows, FAs that are only partially associated with P1f. (C) Confocal image of triple-stained cells using
antibodies to proteins indicated. Arrows, coalignment of P1f with centrally located elongated FbAs; arrowheads, peripheral FAs showing no
association with integrin 1. Note, the predominant part of integrin 1 is found associated with central FbAs (arrows). Scale bars, (A and C)
20 m; (B) 5 m. (D) Statistical evaluation of P1f’s codistribution with topological subpopulations (central vs. peripheral) of talin-positive FAs
and FbAs. Data shown represent mean values (SEM) from randomly chosen cells (n  15); on average, 70 FAs or FbAs were counted per
cell. †p 	 0.001. (E) Quantitation of lamellipodial/ﬁlopodial areas invaded by vimentin ﬁlament networks in plectin/ and plectin/
ﬁbroblasts. Cells were double-immunolabeled using antibodies to vimentin and talin and lamellipodial/ﬁlopodial areas positive/negative for
vimentin staining were measured. Data shown represent mean values (SEM, n  10). †p 	 0.001. Note, most of the prostrusional areas
(80%) in plectin/ ﬁbroblasts are positive for vimentin staining.
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mCherry coexpressing ﬁbroblasts. Partially looped, arced,
and bundled vimentin ﬁlaments were entering ﬁlopodia,
freely extending and retracting from its distal tip (Supple-
mentary Figure 1 and Supplementary Movie 2 in the Sup-
plementary Materials, uppermost arrow). These data indi-
cated that P1f-8-EGFP, albeit being targeted to FAs, was
unable to mediate the physical linkage of vimentin ﬁlaments
to FAs. In all, these rescue experiments provided strong
evidence for P1f physically joining parts of the vimentin
network to FAs and FbAs.
Targeting of P1f to FAs Is Mediated by Its ABD in
Conjunction with Preceding Isoform-speciﬁc Sequences
Previous cell transfection experiments using cDNA expression
plasmids encoding an EGFP-tagged version of plectin’s ABD
without preceding isoform-speciﬁc sequences indicated a
rather diffuse distribution of the fusion protein with weak
stress ﬁber association (Rezniczek et al., 2003), but no associa-
tion with FAs. An EGFP fusion protein containing just the
isoform 1f–speciﬁc sequence without the ABD (P1f-1st exon-
EGFP) showed a similar distribution upon expression in ﬁbro-
blasts, and only when both domains were combined (P1f-8-
EGFP) association with FAs was observed (Figure 5B).
It has been shown that tyrosine phosphorylation of the
sequence preceding the ABD of -actinin results in dissoci-
ation of the protein from FAs and prevents its binding to
actin (Izaguirre et al., 2001). Investigating similar mecha-
nisms for P1f, we assessed whether tyrosine residues resid-
ing in P1f’s isoform-speciﬁc (ﬁrst exon–encoded) sequence
could inﬂuence the binding properties of its ABD. On the
basis of in silico predictions (Scansite) of putative phosphor-
ylation sites, we replaced the tyrosine residue at position 20
(Tyr 20) in P1f’s ﬁrst exon-encoded sequence by either phe-
nylalanine, glutamic acid, or aspartic acid (Figure 5A) and
transfected the corresponding N-terminal cDNA constructs
(P1f-8F-EGFP, P1f-8D-EGFP, and P1f-8E-EGFP) into ﬁbro-
blasts. Although we never found Glu and Asp mutants
(mimicking phosphorylated tyrosine) to be targeted to FAs,
the Phe mutant clearly was conﬁned to FAs (Figure 5C).
To measure actin-binding activities of the mutated P1f-8
variants, recombinant versions of the proteins were puriﬁed
Figure 2. P1f codistributes with actin stress ﬁbers and ﬁbronectin ﬁbrils. (A) Triple ﬂuorescence microscopy of primary wild-type ﬁbroblasts
that had been seeded onto coverslips coated with Alexa 488–labeled ﬁbronectin. To visualize P1f and FbAs, cells were double-immunolabeled
using antibodies to P1f and actin. Images in the bottom row represent magniﬁed view of boxed areas. Arrowheads, colocalization of P1f, actin
stress ﬁbers, and ﬁbronectin ﬁbrils in cell center. Scale bars, 10 m. (B) Statistical evaluation of P1f-positive FbAs colocalizing with actin stress
ﬁbers and ﬁbronectin ﬁbrils. Colocalization was scored either individually after selection or as total FbAs signal within an area (see Materials
and Methods). Data shown represent mean values (SEM) from randomly chosen cells (n  10). Note, both methods of measuring indicated
80 and 70–80% colocalization of P1f-positive FbAs with actin and ﬁbronectin, respectively. (C) Quantitation of exterior Alexa 488–
positive ﬁbronectin ﬁbrils (per cell) in primary cultures of plectin/ and plectin/ ﬁbroblasts stained as in A. Values shown were
normalized for cell area. Note, plectin/ and plectin/ ﬁbroblasts form comparable numbers of ﬁbronectin ﬁbrils.
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tation assays (Figure 5, D and E). In accordance with the data
obtained by forced expression in ﬁbroblasts (Figure 5C), Glu
and Asp mutants displayed signiﬁcantly reduced actin-
binding capacities, whereas the Phe mutant protein showed
similar, or even higher binding compared with wild-type
P1f-8 (Figure 5, D and E). In vitro binding and overexpres-
sion data combined would support a model where P1f is
recruited to FAs via direct binding to actin with the preced-
ing P1f isoform–speciﬁc sequence regulating or ﬁne tuning
its binding afﬁnity.
P1f Induces Formation of Vimentin Filament
Intermediates at FAs
We recently found that vimentin ﬁlament assembly during
cell spreading of unpolarized plectin/ ﬁbroblasts pro-
ceeds without the formation of granular and short ﬁlamen-
tous intermediates that are typical for plectin/ cells
(Spurny et al., 2008), and we made a similar observation in
migrating (polarized) ﬁbroblasts (our own unpublished
data). As shown in Figure 6A, the forced expression of P1f in
polarized plectin/ cells triggered the formation of ﬁla-
mentous intermediates in their lamellipodia, thus reversing
the phenotype. Interestingly, just as in plectin/ cells (com-
pare to Figure 3A), these structures were either positive or
negative for P1f (Figure 6A, region of interest [ROI], arrows
and arrowheads, respectively).
We then assessed whether the association of P1f with
vimentin ﬁlament intermediates was isoform-speciﬁc. Im-
munoblotting of cell lysates from primary mouse ﬁbroblasts
using isoform-speciﬁc antibodies revealed expression of
plectin isoforms 1c (P1c) and 1 (P1), in addition to that of P1f
(Figure 6B), and as previously reported (Winter et al., 2008)
these cells also express plectin 1b (P1b), a mitochondrion-
associated variant. When cells were triple-immunostained
for talin, vimentin, and either P1 or P1c, both isoforms
showed colocalization with the ﬁlamentous vimentin net-
work in the central part of the cell. However, in peripheral
regions of the cells only P1c colocalized with ﬁlament inter-
mediates, whereas P1 showed a diffuse distribution (our
own unpublished data). P1c staining was found to partially
overlap with FAs (Figure 6C, arrows in magniﬁed ROI).
Statistical analyses showed that on average, 47% of squiggle-
like intermediates observed in a cell were associated with
P1c, but only 14% with P1f (Figure 6D, ﬁrst pair of bars).
Strikingly, among the FAs that did not colocalize with ﬁla-
ment intermediates, 10% were positively stained for P1f, but
only 1% for P1c (Figure 6E). The proportions of P1f- or
P1c-positive ﬁlament intermediates found associated with
FAs were similar, i.e., 9 and 13%, respectively (Figure 6D,
second pair of bars). Coinciding triple-staining of ﬁlament
intermediates (vimentin), FAs (talin), and plectin isoforms
was slightly biased toward P1f (14%) compared with P1c
(9%; Figure 6D, third pair of bars). These data would be
consistent with a model where P1c is targeted to FAs in
conjunction with vimentin ﬁlament intermediates, whereas
P1f can associate with FAs independently of vimentin.
Figure 3. P1f couples vimentin ﬁlaments to FAs. (A and B) Primary wild-type ﬁbroblasts were subjected to triple immunoﬂuorescence
microscopy using antibodies to the proteins indicated. The image shown in B is a high-power view of a representative lamellipodial cell
region of the cell shown in A. Large arrows, sites where vimentin ﬁlaments are targeted to P1f-positive FAs. Small arrows, vimentin ﬁlament
intermediates not colocalizing with FAs and not, or only partially, decorated with P1f. (C) Immortal (p53/) plectin/ ﬁbroblasts were
cotransfected with vimentin-EGFP (green) and P1f-mCherry (red) expression plasmids and subjected to live imaging videomicroscopy. Three
frames from a time-lapse movie (0,7 , and 11) display a magniﬁed view of the boxed area indicated in the image on the left. Arrowheads,
P1f-positive FAs that are targeted by vimentin ﬁlaments. Arrows, parts of vimentin ﬁlaments that are not colocalizing with P1f and appear
not to be ﬁxed to FAs. Scale bars, (A) 10 m; (B and C) 5 m.
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the question whether it too, could induce their formation or
whether this was a P1f-speciﬁc trait. When full-length P1c
was expressed in plectin/ cells, similar to the case of P1f
(Figure 6A), ﬁlament intermediates became clearly visible
(Figure 6F). P1c’s potential to rescue this phenotype ap-
peared to be lower (50%) than that of P1f (Figure 6G), but
whether this has any biological signiﬁcance remains to be
shown. However, in contrast to P1f, P1c did not restore
vimentin ﬁlament targeting to FAs (Figure 6G). In fact rem-
iniscent of plectin-null cells expressing P1f-8 (Figure 4C), the
P1c-expressing cells displayed partially bundled ﬁlaments
that extended to the periphery of the cell (Figure 6G, arrow-
heads) without being captured at FAs (Figure 6G, arrows).
This lends further support to the notion that FA anchorage
of IFs is a unique feature of P1f.
Capture and Tandem Fusion of Vimentin Filament
Intermediates at P1f-positive FAs
To monitor the dynamics of vimentin ﬁlament intermediates
and the accumulation of P1f at FAs in live cells, we cotrans-
fected plectin/ ﬁbroblasts with plasmids encoding full-
length P1f and vimentin EGFP- or mCherry-fusion proteins.
Consistent with published data (Yoon et al., 1998), time-lapse
video microscopy revealed that the majority of traceable
intermediates was motile and moving in an anterograde
manner toward the cell periphery. Out of ﬁve movies in-
spected, immobilized intermediates were generally found
associated with P1f-positive FAs (Figure 7A, arrowheads,
and Figure 6D), whereas motile intermediates (Figure 7B,
short arrow) were never found associated with P1f. How-
ever, ﬁlament intermediates moving toward the cell periph-
ery were often seen to eventually fuse with larger vimentin
ﬁlaments that were already immobilized at FAs (Figure 7B,
long arrow; see also Supplementary Movie 3 in the Supple-
mentary Materials). Forced expression of EGFP-tagged vi-
mentin occasionally led to polymeric structures resembling
granules rather than ﬁlaments. Intriguingly, many of these
nonﬁlamentous structures were found aggregated and asso-
ciated with P1f, presumably residing at FAs (Supplementary
Figure 2, arrows; see also Supplementary Movie 4 in the
Supplementary Materials). On the other hand, vimentin
granules that were not associated with P1f appeared to be
distant from FAs (Supplementary Figure 2, arrowheads; see
also Supplementary Movie 4 in the Supplementary Materi-
als). In general we noticed that the P1f- and the vimentin-
speciﬁc signals matched each other in intensities whenever
vimentin granules were found in association with FAs (Sup-
plementary Figure 2, see also Supplementary Movie 4 in the
Supplementary Materials) and were therefore scored as co-
localizing (for details see Spurny et al., 2008). Taken together
these observations indicated that vimentin ﬁlament interme-
diates became immobilized at FAs, with immobilization be-
ing P1f dependent.
Videomicroscopy of ﬁlament intermediates in plectin/
ﬁbroblasts expressing EGFP-vimentin, revealed end-to-end
Figure 4. Reexpression of P1f in plectin-deﬁcient cells rescues FA anchorage of vimentin ﬁlaments. (A) Triple immunoﬂuorescence
microscopy of primary plectin/ mouse ﬁbroblasts using antibodies to proteins indicated. Note vimentin ﬁlaments extending to the cell
periphery (arrows), without being anchored at FAs (arrowheads); the cell edge is delineated by the talin signal. (B) Single frame of a
time-lapse movie of immortal plectin/ mouse ﬁbroblasts cotransfected with plasmids encoding full-length P1f-EGFP and mCherry-
vimentin. Arrows, P1f-positive FAs targeted by vimentin ﬁlaments. Arrowheads, elongated patches of P1f (resembling FbAs) colocalizing
with thin threads of bundled vimentin ﬁlaments. The boxed area corresponds to the cropped and magniﬁed view shown in ROI. Note,
expression of full-length P1f-EGFP sufﬁces to reattach vimentin bundles to FAs. (C) Immunoﬂuorescence microscopy (talin and vimentin)
after forced expression of P1f-8-EGFP in immortal plectin/ ﬁbroblasts. Note vimentin ﬁlaments overshooting FAs and extending toward
the plasma membrane (arrows), in spite of P1f-8-EGFP being associated with FAs (arrowheads). Scale bars, 10 m.
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resulting in ﬁlament elongation (see Supplementary Figure 3
and Supplementary Movie 5 in the Supplementary Materi-
als). Intriguingly, such fusions invariably required one im-
mobilized short ﬁlament acting as a docking site for subse-
quently delivered motile intermediates. Albeit fusion of
small vimentin (and peripherin) ﬁlaments in tandem has
been hypothesized before (Helfand et al., 2003; Chang et al.,
2006), only recently has it been demonstrated experimen-
tally (Colakoglu and Brown, 2009).
Association with Vimentin IFs Prolongs the Lifetime
of FAs
Next we assessed whether vimentin ﬁlament association of
FAs affected their dynamic properties. Monitoring the life-
times of FAs with or without associated vimentin ﬁlaments
within single cells cotransfected with vimentin-mCherry
and EGFP-tagged zyxin, a FA marker protein (Webb et al.,
2004), we observed a striking difference. Although for FAs
that were associated with IFs the average lifetime was 240
min, it was only 87 min for those that were not (Figure 8A).
Thus, the recruitment of vimentin ﬁlaments to FAs through
P1f clearly led to a reduction in the turnover and thus
stabilization of FAs. Interestingly, the structurally related
cytolinker protein ACF7 has recently been reported to exert
the opposite effect, i.e., destabilization of FAs, by mediating
MT-targeting to FAs in keratinocytes (Wu et al., 2008).
Networking and Anchorage of Vimentin IFs at FAs Leads
to Cell Shape Changes and Polarization
To determine whether the alterations in IF network organi-
zation, including its detachment from FAs affects the cellular
geometry of ﬁbroblasts, we measured the area and perime-
ter of primary fully spread plectin/ and plectin/ cell
cultures (Figure 8B). Although there was no difference ob-
served for the average cell area of either cell type (2300
m2; Figure 8Bi), surprisingly, the average perimeter of
plectin/ ﬁbroblasts was signiﬁcantly larger then that of
plectin/ cells (348 and 299 m, respectively; Figure 8Bii),
suggesting that plectin/ cells had more protrusions.
When the polarization of cell bodies was quantiﬁed by cal-
culating the shape factor (SF; see Materials and Methods) and
the aspect ratio (AR, deﬁned as the ratio of the largest
diameter and the smallest diameter orthogonal to it), both
parameters indicated a signiﬁcantly more polarized shape of
plectin/ (SF 0.28, AR 0.33), compared with the more
rounded plectin/ cells (SF 0.4, AR 0.45; Figure 8, iii and iv,
respectively). Similar results were obtained when immortal
(p53-deﬁcient) plectin/ and plectin/ ﬁbroblasts (in-
stead of primary cultures) were subjected to similar mor-
phometric analyses (Figure 8C, i–iv). This enabled us to use
transient transfection of plectin/ ﬁbroblasts with full-
length plectin-encoding expression plasmids for examining
whether the observed changes in cell geometry were directly
connected to the deﬁciency in a particular isoform. On
Figure 5. First exon-encoded sequence of P1f
controls FA-targeting and actin-binding. (A)
Schematic representation of P1f-8’s domain
composition and ﬁrst exon-encoded isoform-
speciﬁc amino acid sequence. Arrowhead, ty-
rosine residue at position 20. (B and C) Fluores-
cence microscopy of immortal (p53/) plectin-
deﬁcient ﬁbroblasts transfected with cDNA
constructs encoding EGFP-tagged plectin frag-
ments as indicated. Scale bars, 10 m. Note,
only the wild-type P1f-8-EGFP fragment and
the P1f-8F-EGFP mutant protein are targeted to
FAs. (D) Cosedimentation of P1f mutant pro-
teins with F-actin. Recombinant plectin frag-
ments indicated were incubated with preas-
sembled F-actin. F-actin and proteins bound
were sedimented by centrifugation, and equal
amounts of supernatant (S) and pellet (P) frac-
tions were subjected to SDS-PAGE; separated
proteins were visualized by Comassie Brilliant
Blue staining. (E) Densitometric quantitation of
gel bands. Data shown represent mean values
(SEM) of three independent experiments, in-
cluding the one shown in D.
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Vol. 21, October 1, 2010 3369Figure 6. P1f-induced formation of vimentin ﬁlament intermediates and their association with different plectin isoforms. (A) Immunoﬂu-
orescence microscopy (vimentin) after forced expression of full-length P1f-EGFP in immortal plectin/ ﬁbroblasts. A transfected cell (green)
and a nontransfected cell (red only) are shown side by side. The boxed area corresponds to the cropped and magniﬁed view shown in ROI.
Arrows, vimentin ﬁlament intermediates colocalizing with P1f; arrowheads, vimentin ﬁlament intermediates bare of P1f. Note, that the
nontransfected cell still exhibits wavy vimentin bundles extending to the cell periphery typical of plectin/ ﬁbroblasts. Scale bars, 20 m,
and (ROI) 5 m. (B) Immunoblotting of cell lysate from primary mouse ﬁbroblasts using plectin isoform-speciﬁc (1f, 1c, and 1) and anti-pan
plectin (no. 9) antibodies. (C) Triple immunoﬂuorescence microscopy (P1c, talin, and vimentin) of primary plectin/ ﬁbroblasts. The bottom
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Molecular Biology of the Cell 3370forced expression of P1f, P1c, and P1, the three major iso-
forms normally present in this type of cells (Figure 6B), only
P1f-expressing cells were assuming a more polarized shape
(SF 0.21, AR 0.24), compared with the nontransfected
(rounder) cells (SF 0.45, AR 0.64). The restored SF and AR
values in P1f-transfected cells both came very close to those
determined for wild-type ﬁbroblasts (SF 0.23, AR 0.26; Fig-
ure 8C, iii and iv, respectively). Cells expressing P1c or P1
showed hardly any restoration. This strong and speciﬁc
rescue potential of P1f clearly demonstrated a direct link
between the absence of this isoform and the alterations
observed in ﬁbroblast geometry.
DISCUSSION
We report here that mature FAs and FbAs act as anchorage
sites for vimentin IFs, with P1f being the crucial linker protein.
Moreover, we show that P1f serves as a docking site and
assembly center for the de novo formation of IF networks and
that IF-linked FAs have a longer half-life (and thus are more
stable), compared with FAs without IF contact.
Mechanisms of P1f Targeting and Stabilization of FAs
The molecular mechanism responsible for the recruitment of
P1f to mature FAs of ﬁbroblasts remains elusive. Based on
knockdown and MnCl2-FA modulation experiments, re-
cently integrin 3 has been proposed to play a role in the
recruitment of plectin and vimentin IFs to FAs in endothelial
cells (Bhattacharya et al., 2009). As one of the well estab-
lished FAs markers (Cukierman et al., 2002), integrin 3
could play a similar role in P1f-FA targeting in ﬁbroblasts.
Figure 6 (cont). panels display cropped and magniﬁed views of the
boxed area in the top panel. Arrowheads, ﬁlament intermediates that
are positive for P1c, but are not associated with FAs; arrows, P1c-
decorated ﬁlament intermediates colocalizing with FAs. Scale bars, 20
m, and (ROI) 5 m. (D and E) Statistical evaluation of P1f and P1c
distribution with vimentin ﬁlament intermediates at FAs. Data shown
represent mean values ( the SEM) from randomly chosen cells (n 
6); on average, 150 FAs were counted per cell. *p 	 0.05 and **p 	 0.01,
respectively. Note, P1c was found at FAs only in combination with
ﬁlament intermediates, contrary to P1f, which also showed association
with vimentin-negative FAs. (F) Immunoﬂuorescence microscopy (vi-
mentin) after forced expression of full-length P1c-EGFP in immortal
plectin/ ﬁbroblasts. The boxed area corresponds to the cropped and
magniﬁed view shown in the ROI. Arrows, P1c-positive vimentin
ﬁlament intermediates; arrowheads, vimentin ﬁlament intermediates
bare of P1c. Scale bars, 20 m, and (ROI) 5 m. (G) Statistical evalua-
tion of vimentin ﬁlament intermediates forming in lamellipodia/ﬁlop-
odia upon forced expression of full-length isoform versions P1f-EGFP
and P1c-EGFP in immortal plectin/ ﬁbroblasts. Cells were immu-
nolabeled as in A and F. Vimentin-positive ﬁlamentous structures,
displaying free ends and residing in lamellipodial/ﬁlopodial areas
devoid of vimentin network arrays, were scored as ﬁlament interme-
diates. Data shown represent mean values (SEM) per area from
randomly chosen cells (n  15); *p 	 0.05. (H) Immunoﬂuorescence
microscopy (talin and vimentin) after forced expression of P1c-EGFP in
immortal plectin/ ﬁbroblasts. Note partially bundled vimentin ﬁla-
ments extending toward the plasma membrane (arrowheads), without
obvious attachment to FAs (arrows), Scale bar, 10 m.
Figure 7. P1f restrains the movement of vi-
mentin ﬁlament intermediates at FAs. Immortal
plectin/ mouse ﬁbroblasts were cotrans-
fected with full-length P1f-EGFP and vimentin-
mCherry expression plasmids and subjected to
live imaging 16 h after seeding. (A) A selected
frame from a time-lapse movie, and contrast-
inverted images depicting P1f-EGFP and vi-
mentin-mCherry alone, are shown. Arrow-
heads, P1f-positive FAs associated with
(already immobilized) vimentin ﬁlament inter-
mediates. (B) Time series from movie showing a
cropped and magniﬁed view of the boxed area
indicated in A. The series shows a vimentin
ﬁlament intermediate (shown in green and
marked by short arrow in every time frame)
moving toward one of the distal P1f/vimentin-
positive FAs (direction of movement and im-
mobile P1f/vimentin-positive FAs are indicated
by long arrow and arrowheads, respectively).
Note, the vimentin ﬁlament intermediate
moves toward the cell periphery and ﬁnally
fuses with the already existing short vimentin
ﬁlament associated with P1f. Scale bars, (A) 20
m, (B) 5 m.
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cause our results clearly show that P1f is essential for the
association of IFs with FAs and FbAs, whereas plectin in
endothelial cells was found to be without apparent impact
on IF–FA interaction (Bhattacharya et al., 2009). Moreover, as
FbAs evolve from FAs, integrin v3 complexes are ex-
cluded and remain with FAs (Pankov et al., 2000). Thus it
seems that in ﬁbroblasts integrin 3 is not involved in P1f or
IF docking at FbAs.
In previous attempts we were unable to demonstrate di-
rect binding of P1f to a number of typical FA components
other than actin. Therefore we consider it a realistic option
that P1f is targeted to FA-associated actin via its multifunc-
tional N-terminal ABD (Sevcik et al., 2004). However, as
shown here and in part in a previous study (Rezniczek et al.,
2003), fragments corresponding to just the isoform-speciﬁc
sequence, or the ABD alone, are not targeted to FAs when
expressed in ﬁbroblasts. FA targeting occurs only when the
isoform-speciﬁc sequence and the ABD are combined, sug-
gesting that they act cooperatively. Consistent with func-
tional cooperativity is also our ﬁnding that a single amino
acid substitution within the exon 1f–encoded sequence not
only can have dramatic effects on the cellular localization (in
particular FA association) of P1f’s N-terminal fragment, but
also affects its actin-binding capacity. Plectin’s ABD gaining a
speciﬁc function when combined with exon 1f–encoded se-
quences would have a precedent in the case of plectin isoform
1a (P1a). Isoform-dependent binding of the Ca2-sensing pro-
tein calmodulin to P1a’s ABD has recently been shown to not
only cause P1a’s dissociation from integrin 4 clusters, but also
prevent its actin binding (Kostan et al., 2009).
Thus it is an intriguing possibility that P1f, being part of
an intricate mechanoresponsive machinery of the cell, might
act either alone or in combination with yet unidentiﬁed
binding partners, as a sensor for distinct F-actin conforma-
tions within FAs. This would explain the frequently ob-
served uneven or patchy distribution of P1f at FAs and
FbAs. Once bound, P1f may stabilize the actin molecule in
its particular conformation and thereby conserve a tensional
state of actomyosin required for keeping up FA stability. A
stabilizing function such as this would be very much in line
with the observation that P1f/vimentin-associated FAs dis-
playing a longer life time than P1f/vimentin-negative FAs,
and it would conﬁrm previous studies showing that actin-
binding proteins can inﬂuence the twist and tilt of F-actin
with consequences for actin ﬁlament stability (Galkin et al.,
2001). Even if the molecular mechanisms underlying plec-
tin targeting and IF anchorage in ﬁbroblast and endothe-
lial cells may turn out to be different, our ﬁndings are
consistent with the observation of reduced dynamics and
increased numbers of stable FAs correlating with increased
vimentin-FA association in endothelial cells exposed to
shear stress (Tsuruta and Jones, 2003), and the decreased
shear stress resistance of endothelial cells after vimentin
knockdown (Bhattacharya et al., 2009).
Plectin as an Assembly Platform for IFs
Associating with vimentin from the early stages of ﬁlament
assembly, plectin is required for the formation of ﬁlament
intermediates and their directional movement toward the
cell periphery, as well as the stepwise formation of robust
ﬁlament networks in ﬁbroblasts (Spurny et al., 2008). The
present live cell imaging data clearly demonstrated that the
movement of vimentin intermediates came to a stop at P1f-
positive, but not P1f-negative FA, and that subsequent end-
to-end fusion of such already immobilized with newly
Figure 8. Effects of P1f-mediated IF–FA association on FA turnover, cell shape, and polarization. (A) Statistical evaluation of the life times
of IF-associated compared with IF-unassociated (control) FAs. Plectin/ ﬁbroblasts were cotransfected with zyxin-EGFP and vimentin-
mCherry expression plasmids, and FA lifetimes were evaluated as described in the text; 25 FAs of each cell type (2–3 FAs per cell) were
measured. Mean values  SEM are shown. n  25; †p 	 0.001. (B) Statistical evaluation of cell area (i), cell perimeter (ii), shape factor (iii),
and aspect ratio (iv) of primary plectin/ and plectin/ ﬁbroblasts. Cells were inspected by phase contrast microscopy 24–28 h after
seeding. More than 50 randomly chosen cells were measured in three independent experiments (14–20 cells per experiment). Mean values 
SEM are shown. **p 	 0.01 and †p 	 0.001. (C) Statistical evaluation of parameters i–iv (see B) of immortal plectin/ and plectin/
ﬁbroblasts, or of immortal plectin/ ﬁbroblasts transfected with cDNAs encoding EGFP-tagged versions of P1f, P1c, and P1. Cells were
inspected and measured as in B. Mean values  SEM are shown. **p 	 0.01 and †p 	 0.001. Note, values of both shape factor and aspect ratio
in P1f-transfected cells were comparable to those of nontransfected controls.
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formation of immobile longer ﬁlaments that eventually be-
came fused to the already existing vimentin network. IF
precursor formation next to lamellipodial FAs of epidermal
cells has previously been shown also for keratin ﬁlaments
(Windoffer et al., 2006), albeit in this case subsequent ﬁla-
ment formation was suggested to be dependent on the actin
ﬁlament system rather than MTs (Ko ¨lsch et al., 2009).
As we found ﬁbronectin ﬁbrillogenesis and FbA forma-
tion not to be compromised in plectin/ ﬁbroblasts, we
suggest that in plectin/ ﬁbroblasts, P1f and its attached de
novo formed vimentin ﬁlaments are translocated together
with integrin 51 and tensin to centrally located FbAs
where they become integrated into the centrally located IF
network surrounding the nucleus. A model depicting the
putative role of P1f at the various stages of this process is
shown in Figure 9A. IF intermediates transported toward
FAs along MT tracks are unrestrained by FAs in their move-
ment as long as they lack P1f (Figure 9Ai). A “conforma-
tional switch” (Geiger et al., 2001) in the multiprotein FA
complex itself could be the physiological trigger for the
recruitment of P1f to FAs (Figure 9Aii). This switch could be
the result of intrinsic forces triggered by molecular compo-
nents of the Rho pathway, or it might happen in response to
extracellular cues such as ECM rigidity or osmotic stress.
Once targeted to FAs, P1f blocks the movement of vimentin
ﬁlament intermediates along MTs and thus provides an
assembly platform for the de novo assembly of longer ﬁla-
ments by end-to-end fusion of intermediates (Figure 9Aiii).
Translocation of P1f together with its attached vimentin
ﬁlaments during FbAs formation and incorporation of the
ﬁlaments into the perinuclear IF network (Figure 9Aiv) then
leads to the formation of a central cagelike core structure
stabilized by the vimentin network (Figure 9B).
Contrary to plectin/ cells, in plectin/ ﬁbroblasts, we
found vimentin ﬁlaments to overshoot peripheral FAs with-
out being captured and to reach far into lamellipodial pro-
trusions and even to the very periphery of the cells. As we
show here, this more extended and less compact IF network
correlates with a more rounded cell shape and fewer pro-
trusions of the plectin/ cells. Interestingly, the collapse of
the IF network in ﬁbroblasts after induced disruption (Gold-
man et al., 1996) or vimentin silencing with shRNA (Mendez
et al., 2010) led to similar phenotypes. Similarly, the reduc-
tion in vimentin and GFAP (glial ﬁbrillary acidic protein)
expression led to suppression of process formation and re-
duced polarization of glial cells (Lepekhin et al., 2001). Al-
though the roles of the actin and MT cytoskeleton in cell
polarization are relatively well established (for a review see
Ridley et al., 2003), the importance of the IF system in this
Figure 9. (A) Working model depicting how P1f mediates de novo vimentin ﬁlament assembly. 51 and v3, corresponding integrins;
FN, ﬁbronectin; VN, vitronectin. Note, FA-associated P1f inhibits movement of vimentin intermediates along MT tracks, thus providing a
docking site and assembly platform for the de novo formation of ﬁlaments by end-to-end fusion of ﬁlament intermediates. Translocation of
P1f with actin bound to integrin 51 and tensin transfers vimentin ﬁlaments to FbAs, spatially restricting the vimentin IF network to the
central core region of the cell. (B) Schematics of a polarized cell depicting the central localization of the vimentin IF network (encapsulating
the nucleus) through its attachment to FbAs and centrally located FAs. The attachment of IFs to FbAs and FAs is mediated by P1f.
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Vol. 21, October 1, 2010 3373process is less clear. We postulate that a well-anchored and
stable perinuclear IF cage is required for front–rear polar-
ization, similar to stable MTs (Pegtel et al., 2007). As the
shape of cells is mechanically stabilized by balanced forces
within the cytoskeleton and between cytoskeletal compo-
nents and the extracellular matrix (Ingber, 2003; Polte et al.,
2004), the recently described reduced stiffness and cytoskel-
etal tension in plectin-negative ﬁbroblasts (Na et al., 2009)
could be a consequence, at least in part, of unanchored
vimentin IFs compromising cell shape and polarity. Further-
more, vimentin IFs were only recently shown to interact
with Scrib, a well-established regulator of cell polarity, and
silencing of either vimentin, Scrib, or both, were shown to
affect polarization of endothelial cells (Phua et al., 2009).
These data and the ones reported here lend strong support
to an emerging new role of IFs in cellular shape determina-
tion and polarization (Chang and Goldman, 2004; Kim and
Coulombe, 2007). As altered cytoarchitecture in plectin/
cells is paralleled by perturbations of signaling pathways
(Osmanagic-Myers and Wiche, 2004; Osmanagic-Myers et
al., 2006), it will be a challenging task to unravel the mech-
anistic links between plectin-dependent cell shape changes
and polarity-related processes such as cell migration.
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